Background/Aims: Dysfunction of the arterial endothelial cells promotes the progression of atherosclerosis. We studied how exposure of human arterial endothelial cells to atherosclerotic serum from patients with peripheral artery disease changes the secretory activity of these cells, and whether that reaction is modified by sulodexide. Methods: Endothelial cells in in vitro culture were exposed to standard culture medium ± 100pg/mL Interleukin-1(IL-1) or to medium supplemented with 20% atherosclerotic serum. Afterwards, the expression of genes responsible for the synthesis of Interleukin-6 (IL-6), Vascular Cell Adhesion Protein-1 (VCAM-1) and Von Willebrand Factor (VWF) was evaluated, together with the secretion of these compounds. Additionally, the effect of sulodexide on these processes was studied. Results: Atherosclerotic serum stimulated the expression of IL6, VCAM-1 and VWF genes in endothelial cells, which was followed by increased secretion of these compounds by 179%, 121% and 116%, respectively. Sulodexide (0.5 LRU/mL) reduced atherosclerotic seruminduced increased expression of genes for IL-6 (-32%), VCAM-1 (-20%) and VWF (-42%), and lowered secretion of these molecules: IL-6 (-27%), VCAM-1(-27%), VWF (-25%). Sulodexide also reduced, in a dose-dependent manner, secretion of IL6 from unstimulated and stimulated with IL-1 endothelial cells. Conclusions: Atherosclerotic serum induces proinflammatory and prothrombotic phenotype in arterial endothelium, which is partially reduced by sulodexide, via inhibition of genes expression, and in consequence lower secretory activity.
Introduction
Endothelium lining the arteries is not only a barrier which regulates the transport of small and large molecules, but also plays an important role in the regulation of the peripheral blood flow and maintenance of intravascular homeostasis. Disturbed endothelial function results in increased intravascular inflammatory reaction, impaired fibrinolysis and enhanced blood clotting [1] . All these changes initiate the development and progression of atherosclerosis. It was hypothesized that damage to glycocalyx, which is a mixture of glycosaminoglycans on the surface of the endothelial cells, is one of the first steps leading to atherothrombotic changes in the arterial wall [2] . Recently, Cancel and co-workers have shown that the shedding of glycocalyx in the endothelial cells facilitates the adhesion of monocytes and macrophage infiltration, promoting lipids deposition and the development of atherosclerotic plaques [3] . Hyperglycemia in patients with type 2 diabetes causes damage to the endothelial glycocalyx, and treatment with sulodexide restores the glycocalyx, which results in reduced vascular permeability to albumin [4] .
Sulodexide is a mixture of glycosaminoglycans with a documented antiinflammatory, profibrynolytic and lipid lowering activity [5] [6] [7] . It is used in the treatment of chronic venous disease [5] and in arterial diseases [8] . Endothelial cells' properties are changed upon their exposure to sulodexide. We found in human venous endothelial cells in in vitro culture reduced intracellular generation of free radicals, and the release of IL-6 and MCP-1 during their exposure to sulodexide [9] . In another study we demonstrated that sulodexide reduced the proinflammatory effect of serum from patients with chronic venous disease on human venous endothelial cells [10] . Despite the fact that sulodexide exhibits good therapeutic effects in conditions of atherosclerosis, such as prevention of arterial thrombosis [11] , inhibition of smooth muscle cells proliferation [12] , and reduction of endothelial cells desquamation during repeated exposure to adrenaline [13] , there is little information about its effect on human arterial endothelial cells. Reports describing the in vitro effect of sulodexide on endothelial cells come from experiments performed on human venous endothelial cells [9, 10, 14] . We found that the secretory activity of human aortic endothelial cells is different from that observed in human endothelial venous cells (unpublished data).
In this paper we present the results of experiments on human arterial endothelial cells exposed to serum from patients with peripheral arteries disease (PAD). Changes in the secretory properties of these cells are described after their treatment with serum alone or with serum supplemented with sulodexide.
Material and Methods
The study was performed on human aortic endothelial cells (HAEC) purchased from Life Technologies Corporation, (Carlsbad, USA). Cell cultures were established in medium M200 supplemented with 2% fetal bovine serum, hydrocortisone 1 µg/ml, human epidermal growth factor 10 ng/ml, basic fibroblast growth factor 3 ng/ml, heparin 10µg/ml (all chemicals from Life Technologies Corporation, Carlsbad, USA). All disposable equipment for cell culture was purchased from Nunc A/S (Denmark). Cells were cultured at 37 o C and in 5% CO 2 air atmosphere.
Analysis of the cells' secretory activity
The secretory activity of HAEC was studied in the presence of standard culture medium or in medium supplemented with 20% mixed serum obtained from 10 patients with peripheral artery disease (PAD), stages III and IV Fontaine's classification. The mean concentration of IL6 in studied serum was 4.1 ± 1.3 pg/mL. The effect of sulodexide on the secretion of the studied molecules from HAEC was studied in unstimulated cells or cells stimulated with interleukin-1 (100 pg/mL) or with mixed PAD serum.
For the evaluation of changes of the secretory properties of HAEC, in all experiments cell monolayers were exposed for 24 hours to the studied factor, and afterwards the medium was removed. For the next 24 hours incubation was started in serum-free culture medium. At the end of that incubation supernatant was collected for measurement of the studied molecules composition:
- 
Effect of sulodexide on secretion of IL6 from unstimulated and stimulated with IL-1 HAEC.
HAEC monolayers in 48-well plates were exposed for 24 hours to the following solutions: -Standard culture medium -Control -Standard culture medium + Sulodexide 0.125 LRU/mL -Standard culture medium + Sulodexide 0.5 LRU/mL -Standard culture medium + IL-1 100 pg/mL -Standard culture medium + IL-1 100 pg/mL + Sulodexide 0.125 LRU/mL -Standard culture medium + IL-1 100 pg/mL + Sulodexide 0.5 LRU/mL At the end of the secondary incubation in serum-free medium, supernatants were collected for the measurement of IL-6. Cells were harvested from the wells with trypsin 0.05%-EDTA 0.02% solution and their number was counted in a hemocytometer.
Effect of PAD serum and Sulodexide on secretion of the inflammatory mediators from HAEC.
Monolayers of HAEC in 48-well culture plates were exposed for 24 hours to the following solutions: -Standard culture medium -Control -Standard culture medium + Sulodexide 0.5 LRU/mL -Standard culture medium + 20% PAD serum -Standard culture medium + 20% PAD serum + Sulodexide 0.5 LRU/mL At the end of the secondary 24 hours' incubation in serum-free medium, supernatants were collected for measurement of IL-6, VCAM-1 and VWF. Cells were harvested from the wells with trypsin 0.05%-EDTA 0.02% solution, and their number was counted in a hemocytometer.
Analysis of genes expression
Experiments were performed on HAEC monolayers in 25 cm 2 culture flasks for analysis of the genes expression, or in 48-well plates for measurement of the secretory activity of the cells.
HAEC monolayers were incubated for 24 hours in the following media: -Standard culture medium -Standard culture medium supplemented with sulodexide 0.5 LRU/mL -Standard culture medium supplemented with 20% PAD serum -Standard culture medium supplemented with 20% PAD serum and sulodexide 0.5 LRU/mL After exposure, total RNA from cells was isolated using the TRIzol reagent (Invitrogen-Life Technologies, Poland) method according to the manufacturer's instructions. RNA samples were treated with DNase I using DNA-free DNase Treatment and Removal Reagent (Ambion). RNA quality and concentration were assessed by spectrophotometry using a NanoDrop (NanoDrop, Thermo Scientific, DE, USA).
Two micrograms of total RNA were reverse-transcribed to cDNA using the BioScript All-in One Specific primers for the amplification of each gene were designed using Primer-BLAST [15] . Primer characteristics are presented in Table 1 .
The PCR parameters were as follows: initial denaturing for 10 min at 95°C, followed by 35 cycles of denaturation (95°C for 10 s), annealing (58°C for 45 s) and extension (60°C for 20 s). After completed realtime PCR reactions, a melting curve analysis was performed for each sample to confirm that a single, specific product was generated. Relative gene expression was calculated using the 2-∆∆Ct method [16] .
Results
Sulodexide causes dose-dependent inhibition of the inflammatory response, measured with a release of IL6 in the endothelial cells cultured in standard medium or in medium supplemented with interleukin-1β (100 pg/mL) (Fig. 1) .
We found that sulodexide used in a dose of 0.5 LRU/mL as a supplement to standard culture medium, caused in HAEC reduced expression of genes responsible for the synthesis of IL-6 (-36%), VCAM-1 (-19%) and VWF (-86%) (Fig. 2) . During the subsequent 24 hours, when the cells were incubated in serum-free medium without sulodexide, the secretion of the studied molecules was lower than in the control, untreated group. Synthesis of IL6 was reduced by 18%, p<0.05 as compared to control cells (Fig. 3) . HAEC pre-exposed to sulodexide also produced less VCAM-1 (-24%, p<0.05) (Fig. 4) and less VWF (-21%, p<0.001) (Fig. 5) , as compared to control cells. Endothelial cells exposed for 24 hours to culture medium supplemented with 20% serum from patients with PAD released more studied inflammatory mediators during the wash-out period as compared to cells cultured in control medium. Release of IL6 was increased by 179% (p<0.001 vs. control), of VCAM-1 by 121% (p<0.01 vs. control), and of VWF by 116% (p<0.001 vs. control). However, when the cells were simultaneously exposed to 20% PAD serum and sulodexide 0.5 LRU/ml, the release of these mediators was significantly reduced by 27% for IL6 (Fig. 3) , by 28% for VCAM-1 (Fig. 4) , and by 25% for VWF (Fig. 5) , as compared to cells exposed to PAD serum.
HAEC exposed for 24 hours to medium with 20% PAD serum demonstrated an increased expression of genes regulating the synthesis of IL6 (+163% vs. control), VCAM-1 (+141% vs. control) and VWF (+140% vs. control) (Fig. 2) . In the presence of sulodexide (0.5LRU/mL) added to such medium, the expression of these genes was lower: -32% for IL6, -20% for VCAM-1 and -42% for VWF, as compared to cells treated with 20%PAD serum alone (Fig. 2) . 
Discussion
Sulodexide is a drug with a confirmed anti-inflammatory and antithrombotic activity within the endovascular space [8] . It was found previously that it induces an antiinflammatory effect in human venous endothelial cells [9, 10, 14] . The results of our present study show that it also has a similar effect in human arterial endothelial cells, which have a different pattern of secretory activity than human venous endothelial cells (Breborowicz, unpublished data). It should be stressed that our experimental setting was different from that used previously in experiments on human endothelial cells with sulodexide [9, 10, 14] . We did not look at the secretory activity of the endothelial cells in the presence of sulodexide, but after their exposure to that drug. That means that the observed effects in our experiments were due to a change in the activity of genes caused by cell pretreatment with sulodexide. In fact we found that exposure of HAEC to sulodexide resulted in a decreased expression of genes responsible for the synthesis of IL6, VCAM-1 and VWF.
The results of our experiments show that sulodexide induces changes in the function of HAEC, which can result in slowing the progression of atherosclerotic changes in the arteries. Interleukin-6 blood levels correlate with dysfunction of the endothelial cells, arterial stiffness, and predict risk of vascular events [17, 18] . Decreasing the IL-6 level in patients with PAD seems to be a desirable effect, preventing progression of the disease [19] . Previously, we found that sulodexide also inhibits IL-6 release from human venous endothelial cells [9] . In the present experiments we observed sulodexide-induced reduction of IL-6 release from the unstimulated HAEC, cells stimulated with interleukin 1 (Fig. 1) or with PAD serum (Fig. 2) . The decreased release of IL-6 in HAEC may prevent activation of the interleukin-1 pathway, which is the final inflammatory step in the progression of atherosclerosis [20] .
In physiological conditions there is minimal contact of the endothelial cells lining the vessels with blood leukocytes. Intravascular inflammation leads to activation of the endothelial cells, and one of the consequences of this state is the synthesis of VCAM-1 [21] , which enables the adhesion of blood leukocytes to the surface of the endothelium. The adhesion of monocytes to endothelial cells, with the subsequent accumulation of these cells in the wall of arteries promotes the progression of atherosclerosis [22] . Previously, we found that serum obtained from patients with chronic venous disease enhances the release of ICAM-1 from venous endothelial cells, and that effect was prevented by simultaneous exposure to sulodexide [10] . A similar effect was observed in HAEC exposed to PAD serum, and again sulodexide treatment reduced VCAM-1 synthesis and secretion (Fig. 3) . According to our observations sulodexide joins the large group of drugs which prevent progression of atherosclerosis through inhibition of formation of the endothelial adhesion proteins such as Tetrahydroxystilbene Glucoside [23] or Angiotensin-(1-7) [24] .
Our results demonstrate that besides the anti-inflammatory action of sulodexide it also reduces the release of VWF from HAEC (Fig. 4) . VWF produced in the endothelial cells plays a role in hemostasis, but excessive release of that protein predisposes the patient to thrombotic disorders, and promotes the progression of atherosclerosis [25] . Increased blood level of VWF is observed in patients with PAD [26] . We found that exposure of HAEC to PAD serum enhances the expression of the VWF gene in these cells, with a subsequent increased release of that protein into the medium. Simultaneous exposure to sulodexide resulted in the reduced effect of PAD serum on the secretion of VWF from HAEC (Fig. 4) . Previously, Lekesiz et al. found that heparin, but not sulodexide, reduced the release of VWF from human venous endothelial cells in in vitro culture [27] . However, similarly as in our experiments, sulodexide reduced the expression of VFW genes [27] . The discrepancy between our results and data presented by Lekesiz et al. may be due to the fact that we performed experiments on arterial endothelial cells, which were exposed to sulodexide for a longer period of time.
In conclusion, we found that sulodexide reduces the proinflammatory and procoagulant effects in arterial endothelial cells caused by serum from patients with PAD. The observed changes in the secretory pattern of the cells were due to the reduced expression of genes responsible for the synthesis of IL-6, VCAM-1 and VWF. These observations suggest that sulodexide, due to its multidirectional action on endothelial cells, may slow down the progression of atherosclerosis and peripheral artery disease.
